Cardiovascular disease (CVD) is the leading cause of death in renal transplant recipients (RTR). Elevated plasma asymmetric dimethylarginine (pADMA), an endogenous nitric oxide synthase inhibitor produced from the turnover of methylated arginine moieties in proteins, is a risk factor for CVD and mortality. It is unknown how urinary ADMA excretion (uADMA), one of the main ADMA elimination routes, is associated with long-term survival. Furthermore, the association of pADMA and uADMA with markers for turnover of arginine-methylated proteins is unknown. We analyzed ADMA using a validated GC-MS/MS method in plasma and 24-h urine samples of 685 RTR, included ≥ 1 year after transplantation. We also analyzed urine symmetric dimethylarginine (uSDMA) using the same method. Urinary creatinine and urea excretions were used as markers for turnover of muscle protein and amino acids, respectively. We applied Cox regression analyses to study associations of pADMA, uADMA, and uSDMA with all-cause and CVD mortality. Mean pADMA was 0.61 ± 0.12 µM, uADMA was 31 ± 13 µmol/24 h, and uSDMA was 52 ± 19 µmol/24 h. Over median follow-up of 5.4 [4.9-6.1] years, 147 RTR died, of which 58 (39%) from CVD. High pADMA was associated with high all-cause mortality (HR per SD [95% CI]: 1.45 [1.26-1.67], P < 0.001), while high uADMA was associated with low all-cause and CVD mortality (HR per SD [95% CI]: 0.57 [0.47-0.69], P < 0.001, and 0.55 [0.40-0.74], P < 0.001, respectively). The associations were independent of adjustment for potential confounders. Creatinine excretion was associated with both pADMA (st. β:− 0.21, P = 0.003) and uADMA (st. β: 0.49, P < 0.001), and urea excretion was associated with uADMA (st. β: 0.56, P < 0.001). Associations of uSDMA with outcomes and with creatinine excretion and urea excretion were comparable to those of uADMA. The associations of pADMA, uADMA and uSDMA with mortality were strongly affected by adjustment for creatinine excretion and urea excretion. We found for the first time that high uADMA and high uSDMA are associated with less risk of all-cause and CVD mortality. The links of uADMA and uSDMA with markers of muscle protein and amino acid turnover may serve to further understand ADMA and SDMA homeostasis and their clinical implications.
Introduction
Cardiovascular disease (CVD) is the leading cause of death in renal transplant recipients (RTR) . With the increasing number of transplantations and people living with a renal transplant (Saran et al. 2018) , it is of particular importance to find population-specific risk factors for cardiovascular disease and mortality. Asymmetric dimethylarginine (ADMA) is an endogenous nitric oxide synthase (NOS) inhibitor and produced from the turnover of arginine-methylated proteins (Teerlink 2005) . High plasma ADMA (pADMA) is considered a risk factor for premature mortality and cardiovascular disease in the general population, patients with chronic kidney disease, and RTR (Zoccali et al. 2001 (Zoccali et al. , 2002 Achan et al. 2003; Wolf et al. 2012; Frenay et al. 2015) . Since renal excretion of ADMA is one of the main ways of its elimination and pADMA concentrations increase with worse renal function, ADMA is considered a uremic toxin (Kielstein and Zoccali 2005; Jacobi and Tsao 2008) . Urinary ADMA excretion (uADMA) is, therefore, an interesting, yet understudied component of ADMA homeostasis. In RTR, it is unknown how uADMA is associated with long-term outcomes and how pADMA and uADMA influence each other's association with long-term outcomes. Furthermore, it is unknown how ADMA is associated with markers for its production from the turnover of arginine-methylated protein sources.
We aimed to study pADMA and 24-h uADMA, and their potential associations with all-cause and cardiovascular mortality in a large prospective cohort of stable RTR after transplantation. Second, in a sub-population, we aimed to study the association of pADMA and uADMA with markers of protein turnover: urinary creatinine excretion and urinary urea excretion, reflecting turnover of muscle and amino acids, respectively (Maroni et al. 1985; Wyss and KaddurahDaouk 2000) , while adjusting for differences in true glomerular filtration rate (GFR). In addition to our analyses for the urinary excretion of ADMA, we performed analyses for the urinary excretion of symmetric dimethylarginine (uSDMA) . Symmetric dimethylarginine (SDMA) is an isomer of ADMA which does not inhibit NOS and is eliminated almost exclusively via the kidneys (Nijveldt et al. 2002) .
Methods and materials

Study population
Adult RTR (n = 817) who were treated at the University Medical Center Groningen, The Netherlands, were invited to participate in the study between November 2008 and March 2011. The current study is part of a larger prospective cohort study of RTR in the North of the Netherlands (Transplantlines Food and Nutrition cohort, Clinicaltrials. gov No NCT02811835). Inclusion criteria were a renal transplantation ≥ 1 year before inclusion and a functioning graft. Exclusion criteria were a history of alcohol or drug abuse, malignancy (other than cured skin cancer), overt congestive heart failure (NYHA 3-4), and insufficient understanding of Dutch. Out of 817 RTR invited to participate, 706 RTR signed a written informed consent. After excluding those without data on pADMA and uADMA, 685 RTR were included in the present study. Data on uSDMA were available in 673 RTR. Subjects were at steady state at all measurements, i.e., without acute illness and biochemically stable. The study was approved by the institutional ethical review board (METc 2008/186 ) and has been conducted in accordance with the declaration of Helsinki.
Clinical measurements
Blood was drawn after a fasting period of at least 8 h. Each participant collected 24-h urine according to instructions. Detailed descriptions of anthropomorphic measurements have been described before (van den Berg et al. 2012 (van den Berg et al. , 2013 (van den Berg et al. , 2014 . We performed the anthropomorphic measurements on the same day as blood collection. Body surface area (BSA) was calculated using the Du Bois-Du Bois formula (Du Bois and Du Bois 1916) . Body mass index (BMI) was calculated as weight (kg) divided by squared height (meters). Smoking status and alcohol intake were measured by questionnaire. We categorized smoking as never, ex, or current. Alcohol intake was categorized as 0-10, 10-30, or > 30 g/ day.
Laboratory measurements
We measured pADMA, uADMA, and uSDMA with a validated GC-MS/MS method (Thermoquest TSQ 7000, Finnigan MAT, San Jose, California, USA) as described in detail earlier (Tsikas et al. 2003; Frenay et al. 2015; Bollenbach et al. 2018) . Other urine and blood analyses have been performed using routine laboratory methods as described earlier (van den Berg et al. 2012 (van den Berg et al. , 2013 (van den Berg et al. , 2014 .
We calculated the estimated glomerular filtration rate (eGFR) using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula with serum creatinine and cystatin C. In a subset of the study population (n = 201), true GFR (measured GFR; mGFR) was measured by infusion of low-dose 125 I-iothalamate, as previously described (Apperloo et al. 1996) . We defined proteinuria as a urinary excretion of ≥ 0.5 g/24 h.
Long-term outcomes
Long-term outcomes were all-cause mortality, CVD mortality, and non-cardiovascular disease (non-CVD) mortality. CVD mortality was defined as death as a result of cardiovascular disease (ICD-9: 410-447): coronary artery disease, cerebrovascular accident, heart failure, and sudden death, as described before (National Center for Health Statistics 2011; Minović et al. 2017) . The cause of death was retrieved from medical records or, if necessary, from correspondence with the RTR's general practitioner or referring hospital.
Statistical analyses
We performed univariable linear regression analyses of pADMA, uADMA, and uSDMA with all basic characteristics to study those which are associated with pADMA, uADMA, or uSDMA. Kaplan-Meier analyses were performed for the associations of sex-adjusted tertiles of pADMA, uADMA, and uSDMA with outcomes and differences between tertiles tested by log-rank tests. We applied multivariable Cox regression analyses to study the associations of pADMA, uADMA, and uSDMA with outcomes. The proportionality of hazards assumption was tested with the Schoenfield residual test and was not violated for the associations of pADMA, uADMA, or uSDMA with all outcomes (P > 0.05 for all analyses). To test the assumption for linearity, we applied restricted cubic splines (knots: minimum, median, and maximum) for non-transformed variables and compared these with linear splines. Splines were fitted on a Cox model and adjusted for age, sex, BMI, eGFR, and proteinuria. We used two-sided Wald test for non-linearity analysis: P for non-linearity of the association of pADMA, uADMA, and uSDMA with all-cause, CVD, and non-CVD mortality was for all > 0.05. Partially, cumulative models were used to reduce the possibility of over-fitting for the Cox regression analyses: we adjusted for basic confounders (age, sex, BMI, eGFR, proteinuria) in model 1. We added other potential confounders to model 1 in all subsequent models. In the model 5, we adjusted the associations of pADMA with outcomes for uADMA (model 5a) and uSDMA (model 5b), the associations of uADMA for pADMA (model 5) and uSDMA (model 5b), and the associations of uSDMA for pADMA (model 5) and uADMA (model 5a). In the final model, we adjusted the associations of pADMA, uADMA, and uSDMA for each other in a combined model. We performed secondary analyses in a smaller subset of the study population (n = 201) who had data available on mGFR by low-dosage 125 I-iothalamate, as described earlier (Apperloo et al. 1996) , to study the association of muscle mass turnover, reflected by 24-h urinary creatinine excretion, and amino acid turnover, reflected by 24-h urinary urea excretion, with pADMA, uADMA, and uSDMA. We also studied the effects of adjusting for urinary creatinine excretion and urea excretion in the associations of pADMA, uADMA, and uSDMA with mortality.
We tested for the interactions of pADMA, uADMA, uSDMA with each other, age, sex, BMI, eGFR, proteinuria, urinary creatinine excretion, and urinary urea excretion by adding an interaction-variable composed of the product of pADMA, uADMA, or uSDMA and the above-mentioned variables.
We 
Results
B a s i c ch a r a c t e r i st i c s o f 6 8 5 RT R a r e p r esented in Table 1 . pADMA is 0.61 ± 0.12 µM, uADMA is 31.4 ± 13.2 µmol/24 h, and uSDMA is 52.3 ± 19.1 µmol/24 h. The Pearson correlation between pADMA and uADMA is − 0.08, P = 0.04. Pearson correlation of pADMA and uSDMA is − 0.09, P = 0.02. Pearson correlation of uADMA with uSDMA is 0.53, P < 0.001. High pADMA, uADMA, and uSDMA are associated with the male gender. High uADMA shows an opposite association pattern compared to pADMA with regard to its associations with less use of antihypertensive drugs, less history of CVD, more physical activity, higher urinary creatinine excretion, higher urinary urea excretion, living donor transplantation, shorter cold ischemia time, immunosuppressive medication usage, and overall better renal function. Higher uADMA is also associated with larger weight, higher BMI and BSA, lower total and low-density lipoprotein cholesterol, lower triglycerides, lower C-reactive protein, lower N-terminal pro-brain natriuretic peptide, less diabetes as primary disease cause, ADMA asymmetric dimethylarginine, SDMA symmetric dimethylarginine, BMI body mass index, BSA body surface area, NT-proBNP N-terminal pro-brain natriuretic peptide, CABG coronary artery bypass grafting, PCI percutaneous coronary intervention, CVA cerebrovascular accident, TIA transient ischemic attack, HDL high-density lipoprotein, LDL low-density lipoprotein, CRP C-reactive protein, SQUASH short questionnaire to assess health enhancing physical activity, CNI calcineurin inhibitor, mTOR mammalian target of rapamycin, eGFR estimated glomerular filtration rate, mGFR measured glomerular filtration rate a Defined as blood glucose ≥ 7 mM, HbA1c ≥ 6.5, and/or use of antidiabetics b Percentages do not add up to 100% due to missing cases shorter time between transplantation and baseline, less rejection before baseline, and lower number of previous transplantations. Higher pADMA is additionally associated with older age, lower blood leukocyte count, lower high-density lipoprotein cholesterol, more cases of diabetes mellitus, and longer dialysis time. uSDMA shows an association pattern comparable to that of uADMA, except for alcohol intake with which uSDMA is associated and uADMA not, and calcineurin inhibitor use with which uSDMA is not associated, while uADMA is.
Associations with mortality
Out of 685 RTR, 147 died during median follow-up of 5.4 [4.9-6.1] years. Of these, 58 (39%) died of CVD. There were more all-cause and non-CVD mortalities in the highest sexadjusted tertile of pADMA compared to the lower tertiles (Fig. 1) . In contrast, there were less all-cause, CVD, and non-CVD mortalities in the highest sex-adjusted tertile of uADMA and uSDMA compared to lower tertiles (Fig. 1) . Figure 2 illustrates linear splines in which the distribution of pADMA, uADMA, and uSDMA is plotted against the hazard ratio of the respective variables for their associations with all-cause mortality, CVD mortality, and non-CVD 55-0.91] , P = 0.01). The associations of pADMA with all-cause mortality and non-CVD mortality, and the associations of uADMA and uSDMA with all-cause mortality and CVD mortality are independent of age, sex, eGFR, and potential confounders such as CVD risk factors and transplantationrelated factors. The HR of the associations of uADMA with outcomes remained relatively stable when adjusted for confounders (models 1-4), while the associations of pADMA with outcomes became considerably weaker.
In interaction analyses, we found a weak but significant interaction of pADMA with the presence of proteinuria (P = 0.02). The univariable association of pADMA with allcause mortality is stronger in RTR without proteinuria com- Non-CVD mortality CVD-mortality All-cause mortality Fig. 2 Linear splines of the associations of plasma ADMA (pADMA), urinary ADMA excretion (uADMA), and urinary SDMA excretion (uSDMA) with all-cause mortality, cardiovascular disease (CVD) mortality, and non-CVD mortality. Data were fit by a Cox proportional hazard model for all splines and adjusted for age, sex, body mass index, proteinuria, and estimated glomerular filtration rate (chronic kidney disease epidemiology collaboration formula with creatinine-cystatin C). The hazard ratio is represented by the black line, the 95% confidence interval by the gray area Table 2 Association of plasma ADMA and urinary excretions of ADMA and SDMA with all-cause mortality, cardiovascular mortality, and noncardiovascular mortality pADMA plasma asymmetric dimethylarginine, uADMA urinary asymmetric dimethylarginine excretion (24 h), uSDMA urinary symmetric dimethylarginine excretion (24 h), BMI body mass index, eGFR estimated glomerular filtration rate, HDL high-density lipoprotein, CVA cerebrovascular accident, TIA transient ischemic attack, CNI calcineurin-inhibitor, mTOR mammalian target of rapamycin a eGFR was calculated according to the Chronic Kidney Disease Epidemiology formula with serum creatinine and plasma cystatin C 
Model fit
Although models with uADMA had comparable or slightly better fit for all-cause and CVD mortality, there is no significant difference in Harrell C statistic (Supplementary Table S1 ). For non-CVD mortality, pADMA has a slightly better fit, but the difference is not statistically significant. When both uADMA and pADMA are included in the same model, the associations of both pADMA and uADMA with outcomes not only remain significant, but become stronger (Table 2 , model 5). Also, the association of uADMA with non-CVD mortality in the combined model remains independent of adjustment for potential confounders. There is a significant improvement in Harrell C statistics and − 2 log likelihood for the combined pADMA and uADMA model vs. the single pADMA model for the unadjusted association with all-cause mortality (Supplementary Table S2 : Harrell C: P = 0.03; − 2 log likelihood: P < 0.001). When adjusted for age, sex, BMI, eGFR, and proteinuria, the difference for Harrell C statistics is lost (P = 0.27), while it remains significant for the − 2 log likelihood (P = 0.001). For the association with CVD mortality, there is no significant improvement of model fit according to the Harrell-C statistic when both pADMA and uADMA are included in the model. Yet there is an improvement for the model fit of pADMA when combined with uADMA according to the − 2 log likelihood (P < 0.001 and P = 0.01 for unadjusted and adjusted models, respectively). For the association with non-CVD mortality, there is only a significant improvement in fit according to the Harrell-C statistic for the combined model in comparison with uADMA alone (P = 0.04). However, according to the − 2 log likelihood, the model fit of both pADMA and uADMA for the association with non-CVD improves when they are combined.
Associations with muscle and amino acid turnover markers
In secondary analyses, we studied the associations of urinary creatinine and urea excretion with pADMA, uADMA, and uSDMA in a smaller subset of RTR who had mGFR data (n = 201). There are strongly positive and significant associations of urinary creatinine excretion and urea excretion with uADMA and uSDMA (Table 3) , independent of age, sex, BMI, proteinuria, use of mammalian target of rapamycin (mTOR) inhibitors and mGFR (creatinine: st. β: 0.27, P < 0.001; urea: st. β: 0.30, P < 0.001). Urinary creatinine is also (negatively) associated with pADMA, while urinary urea excretion is not associated with pADMA (Table 3 ; st. β: − 0.20, P = 0.03 and st. β: − 0.02, P = 0.81, respectively).
In further analyses, we adjusted the associations of pADMA, uADMA, and uSDMA with long-term outcomes for urinary creatinine excretion and urinary urea excretion (Table 4 ). The associations of pADMA, uADMA, and uSDMA with all-cause mortality and CVD mortality are highly dependent upon urinary creatinine excretion: the increased risk of pADMA with all-cause and non-CVD mortality is reduced by a third, while the associations of uADMA and uSDMA with all-cause and CVD mortality are lost. Similar to urinary creatinine excretion, but to a lesser extent, the association of pADMA with all-cause mortality is also dependent upon 24-h urinary urea excretion.
There are significant interactions between urinary creatinine and urea excretion with uADMA for the association with CVD mortality (interaction coefficients with uADMA: urinary creatinine: 0.07, P = 0.01; urinary urea: 0.07, P = 0.01). There is no significant interaction coefficient of uADMA, uSDMA or pADMA with urinary creatinine or urea excretion for the associations with all-cause and non-CVD mortality.
Discussion
To our knowledge, we have shown for the first time an inverse association of uADMA and of uSDMA with allcause and CVD mortality in a large, prospective cohort study of RTR. Unadjusted, there is a risk reduction of 43%, 45%, and 41% per standard deviation increment of uADMA for all-cause, CVD, and non-CVD mortality, respectively. The associations with all-cause and CVD mortality are independent of adjustment for potential confounders. Results for analyses with uSDMA were comparable to those for uADMA. pADMA was associated with an increase in all-cause and non-CVD mortality, but not with CVD mortality. In secondary analyses, we have found that pADMA, uADMA, and uSDMA are strongly and independently associated with urinary creatinine excretion. Additionally, uADMA and uSDMA are strongly associated with urinary urea excretion. The associations of uADMA and uSDMA with all-cause, CVD, and non-CVD mortality are highly dependent upon urinary creatinine excretion and urinary urea excretion.
The mean pADMA concentration in the RTR population of our study is comparable to that of the general public (Atzler et al. 2014) . The association of pADMA with CVD and renal outcomes has been demonstrated in the literature in CKD patients and the general population (Zoccali et al. Achan et al. 2003; Fliser et al. 2005 ), but we are the first to present the associations between uADMA and longterm outcomes. For the RTR population, we revealed earlier in the same cohort the association between higher pADMA and all-cause mortality with a shorter follow-up (median 3.1 vs. 5.4 years) (Frenay et al. 2015) . In the present study, we have demonstrated that uADMA is a more consistent predictor of mortality compared to pADMA, with hazard ratio remaining relatively stable when adjusted for potential confounders, while the hazard ratio for pADMA fluctuates more depending on the adjustment. Furthermore, we have shown that pADMA and uADMA strengthen each other's association with long-term outcomes when put together in a statistical model. This may be explained by an inverse collinearity, where pADMA is dependent upon the ability to be renally excreted; pADMA increases as uADMA decreases. Then, one may suggest that we may be looking at the effect of renal ADMA clearance and thereby renal function rather than the individual effects of pADMA and uADMA in the presented models. The importance of kidney function in the homeostasis of circulatory ADMA has been emphasized repeatedly in the literature, as several studies have observed that pADMA increases with worsening renal function. However, the reality is far more complex since only a fraction of about 17% of exogenous circulating ADMA (intravenous injection of 3 mg/kg) is excreted unchanged in the urine (Achan et al. 2003 ). The remainder is largely metabolized by dimethylarginine dimethylaminohydrolase (DDAH) to citrulline and dimethylamine (DMA), with the latter being excreted in the urine (Achan et al. 2003) . A small portion of ADMA is transaminated by the mitochondrial aminotransferase alanine-glyoxylate aminotransferase (Rodionov et al. 2010; Morris 2016) . Diminished activity of DDAH and AGXT2 has been suggested as the main reason of pADMA accumulation in the blood rather than lower renal clearance (Matsuguma et al. 2006; Kayacelebi et al. 2015) . We have recently published a study in kidney donors that demonstrated an acute renal function impairment resulting from kidney donation drastically reduced the urinary excretion of ADMA, but had a minimal effect on plasma ADMA (Said et al. 2019) .
Being an NOS inhibitor, pADMA has been traditionally associated with cardiovascular outcomes (Kielstein and Zoccali 2005) . We found that not pADMA, but uADMA is strongly associated with CVD mortality in RTR. Similarly, Böger et al. (2009) found no significant association of pADMA with cardiovascular death in 3320 normal subjects from the Framingham Offspring Study (Böger et al. 2009 ). Wolf et al. (2012) found that a high ADMA/creatinine concentration in spot urine samples was strongly protective against cardiac death in a cardiovascular risk population (Wolf et al. 2012) . The findings of Böger et al. and Wolf et al. corroborate our findings. Furthermore, we have demonstrated that the associations revealed for uSDMA closely resemble those for uADMA. uSDMA is known to be almost exclusively eliminated by renal excretion (Nijveldt et al. 2002) . While only ADMA can be metabolized by DDAH, both ADMA and SDMA can be metabolized by AGXT2. Recently, AGXT2 activity has been found to be associated with worse clinical outcomes in CKD patients (MartensLobenhoffer et al. 2018) . It had been suggested that higher AGXT2 activity may be a response to elevated systemic ADMA and SDMA levels, possibly due to decreased renal excretion. In the current study, given that the associations of uSDMA and uADMA are closely alike and significant despite adjustment for renal function, it is possible that variation in AGXT2 activity is the driving force underlying the found associations. It would suggest that high AGXT2 (and thereby low uADMA and low uSDMA) would indeed be associated with worse outcomes. The underlying pathophysiology remains speculative, however. So far, uSDMA has not been found to have significant direct NO-inhibitory properties. However, it has been suggested that uSDMA can compete with l-arginine transport, having an indirect inhibitory property (Bode-Böger et al. 2006) .
The production of ADMA and SDMA depends on two subsequent steps of post-translational arginine methylation mediated by a family of methyltransferases [protein arginine methyltransferases (PRMTs)]. Of these, nine PRMTs have been implicated in catalyzing the first step of arginine residue methylation to monomethylated arginine (MMA) in mammalian cells (Blanc and Richard 2017) . Based on the ability to catalyze a subsequent methylation step, the PRMTs can be subdivided in three types. Type 1 PRMTs are represented by six members of the methyltransferase family 6, 8) and generate ADMA, while type 2 PRMTs are represented by two members of the methyltransferase family (PRMT5, 9) and generate SDMA (Tang et al. 1998; Branscombe et al. 2001; Frankel et al. 2002; Lee et al. 2005; Zurita-Lopez et al. 2012; Dhar et al. 2013; Yang et al. 2015; Cura et al. 2017; Shishkova et al. 2017) . Type 3 PRMTs are represented by a single member of the methyltransferase family (PRMT7) and do not catalyze a subsequent methylation step (Zurita-Lopez et al. 2012) ), which causes them to only produce MMA and thus far only histones are known substrates for this enzyme (Feng et al. 2013; Blanc and Richard 2017) . In general, virtually all types of cell are capable of producing ADMA, presumably because ADMA originates from the turnover of argininemethylated proteins, which are apparently present in all cell types (Teerlink 2005) . In this respect, we attempted to study the associations between ADMA, and urinary creatinine and urea excretion. In biochemically stable conditions, urinary creatinine excretion measured in 24-h urine is accepted as a reflection of total body muscle mass (Wyss and Kaddurah-Daouk 2000) . Creatinine is produced from the likely irreversible, non-enzymatic dehydration of creatine, which is necessary for the phosphocreatine buffer of the cellular energy provision (Wyss and Kaddurah-Daouk 2000) . Muscular tissue provides by far most of body creatine from the turnover of muscle proteins (Hunter 1922; Wyss and Kaddurah-Daouk 2000) ; a high 24-h urinary creatinine excretion in stable conditions implies a large muscle protein turnover resulting from larger muscle mass (Heymsfield et al. 1983) . Therefore, urinary creatinine excretion may reflect the production of ADMA from muscle protein turnover too, as represented by the positive association of urinary creatinine excretion with uADMA. Alternatively, it may be that muscle mass maintenance is dependent upon ADMA homeostasis, although this has scarcely been studied. The negative and weaker association of pADMA with urinary creatinine excretion may be explained due to this mechanism. Muscle synthesis is mediated by the activation of the protein kinase B-mTOR (Schiaffino et al. 2013) . One of the pathways that activate mTOR is by triggering neuronal NOS (nNOS) (Ito et al. 2013) . ADMA is a universal NOS inhibitor and a strong inhibitor of nNOS activity (Kielstein et al. 2007) , which may then negatively affect muscle growth. Ito et al. (2013) performed a study in nNOS-null mice and showed that nNOS-null mice not only had less muscle mass increase in response to load stimulation compared to wildtype mice, but that the administration of N G -nitro-l-arginine methyl ester (l-NAME), an exogenous inhibitor of all NOS isoforms, prevented an increase in muscle mass in wild-type mice (Ito et al. 2013) . Wild-type mice that were administered the enantiomer d-NAME, which does not inhibit NOS activity, did increase in muscle mass. Frandsen et al. (2001) have studied l-NAME infusion in six healthy young men and found a 67% lower NOS activity in skeletal muscle biopsies after infusion compared to control biopsies (Frandsen et al. 2001) . However, whether an acute inhibition of NOS activity will have a noticeable acute effect on muscle mass is questionable. To our knowledge, no studies have been performed in human participants that have studied the effects of NOS inhibition on muscle mass. We found a very strong positive association of urinary creatinine excretion with uADMA and a negative association with pADMA, independent of age, sex, BMI, proteinuria, mTOR inhibitors, and mGFR in a smaller subset of our study population. It is likely that both mechanisms of the interaction of muscle mass and ADMA play a role, possibly leaning more to the side of muscle mass being a source of ADMA since the positive association of urinary creatinine excretion with uADMA is much stronger than the negative association with pADMA. Last, the negative association between pADMA and urinary creatinine excretion may be due to residual confounding and promotes the need for further research into the interplay between pADMA and creatinine excretion.
In the current study, urinary urea excretion was strongly associated with uADMA, but not with pADMA. That urea excretion is more likely a nutritional marker than an amino acid turnover marker may partly explain this. Urea is produced from ammonia in amino acid metabolism and 24-h urinary urea excretion may be viewed as a marker of not only amino acid turnover, but also average dietary protein intake and thereby a reflection of an independent dietary ADMA source itself (Weiner et al. 2015) . pADMA is relatively independent of nutritional intake, as demonstrated by the study of Schneider et al. (2015) , who found that daily oral arginine supplementation (9.96 g/24 h) had little effect on pADMA concentration after 3 months in patients with peripheral occlusive artery disease and after 6 months in patients with coronary artery disease compared to placebo (Schneider et al. 2015) . This may be due to increased compensatory ADMA metabolism and/or due to increased elimination via the renal route. Therefore, uADMA may be more reflective of dietary ADMA intake than pADMA. Furthermore, it is important to remember that dietary protein, reflected by urinary urea excretion, is also a substrate for muscle protein synthesis, and urea excretion has been strongly correlated to muscle mass before (Said et al. 2015) . Therefore, urea excretion may be similarly reflective of ADMA production from muscle protein turnover. When the associations of uADMA and pADMA with mortality are adjusted for creatinine and urea excretion, the associations become considerably weaker. We hypothesize, therefore, that muscle turnover and protein intake play a significant role in the production, homeostasis, and pathogenesis of ADMA.
Strengths of the present study are the large study population and the long follow-up. The prospective study design and the large variety of measured variables enabled us to adjust for many confounding risk factors at baseline. A limitation of this study is that the exact origin of pADMA or uADMA is unknown. It may be possible that urinary ADMA excretion reflects more renal ADMA production rather than systemic ADMA production. The strong, independent associations with urinary creatinine and urea excretion, and parameters reflecting systemic ADMA sources are in favor of the theory that pADMA and uADMA reflect systemic homeostasis, although further studies are needed to independently assess specific renal ADMA production and provide clarity. Nevertheless, the results of this study are relevant as they demonstrate that uADMA is not only a strongly significant, but also a more consistent predictor of long-term outcomes than pADMA. It would have been interesting to study how plasma SDMA would compare to pADMA. A potential role for arginine methylation in cardiovascular disease largely remained indirect via the inhibition of endogenous NO synthase in endothelial cells by MMA and ADMA (Stühlinger et al. 2001; Peng and Wong 2017) , but recent evidence also suggests a more direct role. It has, for example, been found that arginine methylation mediated by PRMT3 and PRMT5 regulates the expression of the cardiac voltage-gated sodium channel Na v 1.5, which may be implicated in the development of heart failure (BeltranAlvarez et al. 2013 (BeltranAlvarez et al. , 2014 . Inclusion of plasma SDMA data complemented by urinary SDMA excretion data, in addition to plasma ADMA data complemented by urinary ADMA excretion data, might also have given information on the balance between activities of type 1 and type 2 PRMTs. However, for the current study it was not possible to measure SDMA in plasma, since the applied method of GC-MS/MS does not allow for accurate measurement of SDMA in plasma. Although GC-MS/MS provides a reliable and accurate method to measure plasma and urinary ADMA (Tsikas et al. 2003) , and has recently been demonstrated to be also suitable for measuring urinary SDMA (Bollenbach et al. 2018) , it is not suitable for measurement of plasma SDMA (personal communication).
A further limitation is that our study was observational in nature, which makes that the associations unveiled do not necessarily imply causation.
In conclusion, high uADMA and high uSDMA are associated with lower risk of all-cause mortality and less cardiovascular mortality in RTR. Higher muscle mass and protein intake are associated with lower pADMA levels and higher uADMA and uSDMA excretion. The association of pADMA, uADMA, and uSDMA with long-term outcomes in RTR is also highly dependent on markers of muscle mass and protein intake. Our results suggest that an increase in muscle mass and amino acid turnover is associated with a beneficial increase in uADMA without an increase in pADMA, even when adjusted for renal function. The exact mechanism of these associations needs further clarification in future studies. However, our data present opportunities to influence the negative effects of ADMA through potentially modifiable factors, namely muscle mass and dietary protein intake. An intervention involving the modification of muscle mass and dietary protein intake, and their influence on ADMA and SDMA homeostasis is warranted. Clinical implications of this study may be to stimulate muscle mass growth, possibly by increased protein intake and physical activity, to augment ADMA and SDMA excretion and to reduce risk of premature mortality.
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